CNS injury-induced hemorrhage and tissue damage leads to excess iron, which can cause secondary degeneration. The mechanisms that handle this excess iron are not fully understood. We report that spinal cord contusion injury (SCI) in mice induces an "iron homeostatic response" that partially limits iron-catalyzed oxidative damage. We show that ceruloplasmin (Cp), a ferroxidase that oxidizes toxic ferrous iron, is important for this process. SCI in Cp-deficient mice demonstrates that Cp detoxifies and mobilizes iron and reduces secondary tissue degeneration and functional loss. Our results provide new insights into how astrocytes and macrophages handle iron after SCI. Importantly, we show that iron chelator treatment has a delayed effect in improving locomotor recovery between 3 and 6 weeks after SCI. These data reveal important aspects of the molecular control of CNS iron homeostasis after SCI and suggest that iron chelator therapy may improve functional recovery after CNS trauma and hemorrhagic stroke.
Introduction
Free radicals, which can modify and damage DNA, proteins, and lipids, have been implicated as important causative agents in the secondary degeneration that occurs after spinal cord injury (SCI) (Hausmann, 2003) . Iron can catalyze the formation of free radicals because of its redox active nature. Ferrous iron (Fe 2ϩ ) reacts with metabolic hydrogen peroxide to produce harmful hydroxyl radicals, which can then lead to the production of a number of reactive oxygen species (Eaton and Qian, 2002) . After injury, iron is released from intracellular reserves and from hemoglobin in red blood cells (RBCs) . The latter is an important source of excess iron after SCI. The heme in hemoglobin is broken down via hemoxygenase 1 (HO-1) to ferrous iron and biliverdin. The expression of HO-1 and formation and effects of hydroxyl radicals after SCI have been studied (Mautes et al., 1998; Bao and Liu, 2004; Liu et al., 2004) . However, how iron from RBCs and damaged tissue is handled and mobilized out of the spinal cord has not been examined.
Cellular iron homeostasis requires molecules involved in iron import and export across the cell membrane, including transporters and ferroxidases, as well as iron storage proteins. In this work, we examine changes in the expression of these molecules after SCI and focus on the role of the ferroxidase ceruloplasmin, which converts toxic ferrous iron to its nontoxic ferric form. The liver produces a secreted form of ceruloplasmin (Cp) that is abundant in serum but does not cross the blood-brain barrier. We have shown that an alternatively spliced, glycosylphosphatidylinositol (GPI) anchored form of Cp (135 kDa) is expressed by astrocytes and is the major form of Cp in the CNS (Patel and David, 1997; Patel et al., 2000) . We also showed that GPI-Cp associates with the iron exporter ferroportin (Fpn) on the cell surface and is required for iron efflux out of astrocytes in vitro (Jeong and David, 2003) . Ceruloplasmin, therefore, converts toxic ferrous iron to its nontoxic ferric form and also plays a role in the efflux of iron from cells. Null mutations of the Cp gene in humans (aceruloplasminemia) results in age-dependant iron accumulation in the CNS and neurodegeneration (Miyajima et al., 1987; Hellman and Gitlin, 2002) . Cp null mice also show slow iron accumulation in the CNS starting at 12-18 months of age (Patel et al., 2002; Jeong and David, 2006) . We now present data on the role of Cp in the iron-homeostatic response after SCI in young adult mice and show that its absence increases secondary damage and functional loss. For this study, we used 2-to 4-month-old Cp Ϫ/Ϫ mice, an age at which iron accumulation does not occur in the uninjured spinal cord. We also provide evidence that the iron homeostatic response in wild-type mice is inadequate, because iron chelation treatment has a delayed effect in improving locomotor recovery.
Materials and Methods

Animals. Cp
ϩ/ϩ and Cp Ϫ/Ϫ mice (litter mates) on a C57BL/6 background between 2 and 4 months of age were used for spinal cord contusion injury (70 kdyn, 600 -800 m displacement) using the Infinite Horizons impactor (Precision Scientific Instrumentation). Mice were deeply anesthetized with a mixture of ketamine, xylazine, and acepromazine, and the contusion injury was performed as described previously (Ghasemlou et al., 2005) . Cp Ϫ/Ϫ mice were generated in our laboratory as described previously (Patel et al., 2002) . For the chelator experiments on wild-type mice, contusion injury (60 kdyn, 600 -700 m displacement) was performed on 6-to 8-week-old C57BL/6 mice purchased from Charles River Canada. Using the nine-point Basso mouse scale (BMS) (Basso et al., 2006) , two observers trained in the Basso laboratory at Ohio State University scored locomotor behavior independently, and consensus scores were recorded. These analyses were performed by observers blinded to experimental groups. All procedures were approved by the McGill University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care.
Western blotting. Approximately 4 mm of the injured spinal cords containing the injury site were dissected out 1, 3, 7, and 21 d post injury (dpi) after intracardiac perfusion with 10 ml of 0.1 M phosphate buffer. Total protein was extracted using radioimmunoprecipitation assay buffer as described previously (Jeong and David, 2003) . Twenty micrograms of total protein were loaded onto a 4 -12% Novex Bis-Tris gel (Invitrogen) and then transferred to polyvinylidene fluoride membrane (Millipore). Membranes were blocked with 3% nonfat milk in PBSTween 20 (0.05%) and incubated at 4°C overnight with anticeruloplasmin (1:800; DakoCytomation), anti-ferritin (1:500; DakoCytomation), and anti-DMT1 (divalent metal transporter 1) and anti-Fpn (1:000; Alpha Diagnostics). Blots were washed and incubated with peroxidase-conjugated IgG (1:200,000; Jackson ImmunoResearch) and detected with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life and Analytical Sciences). Blots were subsequently reprobed with rabbit anti-actin (1:200; Sigma-Aldrich) to confirm equal loading. Experiments were done in triplicate, and representative blots are shown.
Iron histochemistry. Cp ϩ/ϩ and Cp Ϫ/Ϫ mice were perfused with 0.1 M phosphate buffer, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. Modified Perl's histochemistry was performed on 14 m cryostat sections of the spinal cord to detect iron accumulation as described previously (Smith et al., 1997) . Briefly, sections were incubated with 4% potassium ferrocyanide and 4% HCl, followed by a series of incubations with diaminobenzidine (DAB) and hydrogen peroxide and counterstained with 0.02% methyl green (all from Sigma-Aldrich).
To detect ferrous iron, the modified perfusion-Turnbull's technique was used (Meguro et al., 2003) . Animals were perfused with a solution containing 1% HCl, 1% potassium ferricyanide, and 4% paraformaldehyde. Tissue was then removed, cryopreserved, and cryostat sectioned. Sections were incubated with DAB to intensify the stain and counterstained with methyl green.
Flame atomic absorption spectrometry. Iron content was measured using flame atomic absorption spectrometry (fAAS) as described previously (Santos et al., 2000) . Briefly, 4 mm length of spinal cord tissue containing the injury site were removed and then dried for 20 h at 106°C. Samples were weighed and then ashed at 500°C for 17 h, dissolved in 6N HCl, and then diluted to a final concentration of 1.2N HCl. fAAS analysis was done using a Analyst 400 (PerkinElmer Life and Analytical Sciences). Each sample was a pool of two animals, and a total of six samples for each genotype were used. Duplicate readings were obtained on each sample, and a standard curve used to calculate the amount of iron.
Quantitative real-time reverse transcription-PCR. Total RNA was isolated from 4 mm length of the spinal cord containing the injury site of Cp ϩ/ϩ and Cp Ϫ/Ϫ mice at 1, 3, 7, and 21 dpi using the RNeasy Lipid Tissue kit (Qiagen), and quantitative real-time reverse transcription (QRT)-PCR was performed using the Brilliant Probe-based QRT-PCR Reagents and MX4000 (Stratagene), both following the protocols of the manufacturer. Gene-specific primers and Taqman probes were generated using PrimerQuest (Integrated DNA Technology) (Jeong and David, 2006) . QRT-PCR for peptidylprolyl isomerase A (PPIA) was performed for use as an internal control (Feroze-Merzoug et al., 2002) . For data analysis, the sample Ct values were normalized to that of PPIA and expressed as fold increase. Results are shown as the mean Ϯ SD relative ratio (fold increase) of mRNA from three separate experiments, n ϭ 3 animals per group.
Immunofluorescence, immunohistochemical, and histological analyses. Double-immunofluorescence labeling was performed as described previously (Jeong and David, 2006) . Animals were perfused with 0.1 M phosphate buffer, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, and 14 m cryostat sections were obtained. Tissue sections were incubated with 0.1 M PBS containing 2% normal goat serum and 1% ovalbumin to block nonspecific binding of antibodies. Tissue was incubated overnight with primary antibodies at the following concentrations: rabbit anti-ceruloplasmin (1:200; DakoCytomation), rat anti-GFAP (1:800; Zymed), rat anti-CD11b/Mac-1 (1:400; Serotec), rabbit anti-Fpn (1:400; Alpha Diagnostics), rabbit anti-DMT1 (1:400; Alpha Diagnostics), rabbit antiferritin (1:100; DakoCytomation), rabbit anti-inducible nitric oxide synthase (iNOS) (1:200; BD PharMingen), anti-nitrotyrosine (1:200; Upstate Biotechnology), and anti-4-hydroxynonenal (4-HNE) (1:100; Alpha Diagnostics). For immunofluorescence double labeling, sections were incubated for 1 h at room temperature with fluorescein-conjugated goat anti-rabbit IgG (1:400; Jackson ImmunoResearch) and rhodamine-conjugated goat anti-rat IgG (1:400; Jackson ImmunoResearch). Immunohistochemical stains were visualized by immunoperoxidase labeling using biotinylated secondary antibody and Vectastain Elite ABC kit, followed by color reaction using diaminobenzidine (Sigma-Aldrich). Motor neurons were stained by incubating tissue in 0.1% cresyl violet (Sigma-Aldrich) for 10 min, followed by dehydration through ascending alcohols and Hemo-De (Thermo Fisher Scientific).
Oxyblot. Protein carbonyl content in Cp ϩ/ϩ and Cp Ϫ/Ϫ tissue homogenates was determined using the Oxyblot protein oxidation detection kit (Millipore Bioscience Research Reagents). Briefly, 20 g of protein was derivatized with 2,4-dinitrophenylhydrazine for 15 min at room temperature. After quenching, equal volumes of all samples were transferred onto nitrocellulose membrane using slot-blot apparatus. After transfer, membranes were blocked with 1% BSA/PBS-Tween 20 and then probed overnight with anti-2,4-dinitrophenol primary antibody at 1:200. The following day, blots were incubated with HRP-conjugated secondary antibody at 1:300, and bands were detected using Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life and Analytical Sciences) and Hyperfilm (GE Healthcare). Band intensity was quantified using Imagequant (GE Healthcare)
Image analysis and quantification. All sections were viewed using an Axioskop2 Plus microscope (Zeiss), and images were captured using a QImaging Retiga 1300C camera. Image analysis was performed with BioQuant Nova Prime (BioQuant Image Analysis) to quantify the extent of Perl's, Luxol fast blue, and 4-HNE staining in spinal cord cross sections. Quantification of these stainings was done using the threshold function of the BioQuant Nova Prime tissue analysis software. The threshold was set by selecting all positively stained pixels. This approach eliminates inclusion of weak labeling or background staining from the analysis. The same threshold settings were then applied to every slide analyzed. All analyses were done blind. Percentage myelin spared for each genotype was obtained using the following formula: ratio of myelin to spinal cord (injured)/ratio of myelin to spinal cord (uninjured) ϫ 100. For quantification of iron staining, four sections containing the lesion site were analyzed for pixel counts, per animal.
Systemic iron chelation. We used a lipophilic iron chelator salicylaldehyde isonicotinoyl hydrazone (SIH), an analog of pyridoxal isonicotinoyl hydrazone that shows high affinity and selectivity for iron (Richardson and Ponka, 1998b) . These chelators have been used in a number of in vivo and in vitro models, and the dosage we used was based on previous in vivo work (Richardson and Ponka, 1998a; Klimtova et al., 2003; Simunek et al., 2005 Simunek et al., , 2008a Sterba et al., 2005 Sterba et al., , 2006 Sterba et al., , 2007 . An SIH solution was prepared as reported previously (Klimtova et al., 2003) . SIH solution was prepared fresh and injected at 1.25 mg/25 g body intraperitoneally.
Statistical analyses. Data are shown as mean Ϯ SEM. QRT-PCR and histological assessments analyzed using a two-way ANOVA with post hoc Tukey's test. Statistical analyses of the behavioral assessments were performed using two-way repeated measures (RM) ANOVA with post hoc Tukey's test for multiple comparisons or t test for subscores. The t test was also used for other analyses presented as indicated in the figure legends. Differences were considered significant at p Ͻ 0.05.
Results
Cp expression is rapidly induced and maintained after SCI
We first assessed the expression of Cp by Western blot analysis of spinal cord tissue after contusion injury. Cp protein is markedly increased at 1 and 3 dpi (approximately sixfold) and remains elevated approximately threefold at 7 dpi. At 21 dpi, Cp expression is increased approximately fourfold above levels in uninjured controls (Fig. 1a) . Because Cp is abundant in serum, the sixfold increase in Cp protein seen by Western blot at 1 dpi may be a result of serum Cp present in the spinal cord attributable to tissue damage and hemorrhage. To further assess Cp upregulation after SCI, we performed QRT-PCR analysis. No increase in Cp mRNA was detected at day 1 after injury, further suggesting that the increased Cp protein in tissue at this time may be derived from serum. At later time points, Cp mRNA is increased by approximately twofold at 3 and 7 dpi and reaches approximately fourfold at 21 dpi (Fig. 1b) , suggesting de novo expression of Cp after SCI. The expression of Cp in the contused spinal cord was confirmed by double-immunofluorescence labeling. There is a low level of Cp immunoreactivity in astrocytes in the uninjured spinal cord (Fig. 1c-e) . In the first few days after injury, Cp staining at the lesion site was diffuse, likely attributable to the continued presence of serum Cp (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). At later time points, Cp immunoreactivity localizes to regions that surround the lesion (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) and is mainly expressed in GFAP ϩ astrocytes and their processes ( Fig. 1f-h) , with Mac 1 ϩ macrophages located within the core of the lesion showing only weak Cp immunoreactivity ( Fig. 1i-k) .
Increased accumulation of iron in the injured spinal cord of Cp
Ϫ/Ϫ mice We next assessed the role of Cp in mobilizing iron out of the injured spinal cord. Iron accumulation was detected histochemically in the injured spinal cord of Cp ϩ/ϩ and Cp Ϫ/Ϫ mice. At 7 dpi, labeling for iron is distributed throughout the gray and some of the white matter (Fig. 2a,b) . At earlier time points, RBCs are clearly visible at the lesion site in Epon-embedded sections (data not shown). Subsequently, these cells are phagocytosed by macrophages as seen by electron microscopy (Fig. 2f ) . The role of macrophages in the phagocytosis and breakdown of RBCs in non-CNS tissue has been described previously . Quantification of iron levels in the spinal cord at 7 dpi by fAAS showed a 43% increase in Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice ( Fig. 2g ) ( p Ͻ 0.05). This represents a 3.2-fold increase after injury in wild-type mice and a 4.9-fold increase in Cp Ϫ/Ϫ mice. There was no difference in the iron levels in uninjured Cp ϩ/ϩ and Cp Ϫ/Ϫ mice ( Fig. 2g ), indicating that iron accumulation does not occur in the normal CNS of Cp Ϫ/Ϫ mice at the young age used in this study. By 14 d, the iron staining is restricted to the central core of the lesion epicenter ( Fig. 2c-e) , in which it is contained within large Mac-1 ϩ macrophages (Fig. 2h,i ). Based on optical density measurements of histochemically stained tissue, Cp Ϫ/Ϫ spinal mice. Cp immunoreactivity is markedly increased (f ) in the GFAP ϩ reactive astrocytes (g, h). The area of the lesion is outlined with the dashed line in g. The lesioned area (L) is essentially devoid of GFAP ϩ astrocytes (g) but contains Mac-1 ϩ macrophages (j). i-k show a higher magnification of an area similar to the one in the boxed area in h taken from an adjacent section that was double labeled for Cp (i) and Mac-1 (j). Note that the Mac-1 ϩ macrophages (clusters of macrophages labeled with arrows) in the central core of the lesion stain very weakly for Cp (i, k). Note that the Cp labeling, which in this field extends between groups of macrophages, is in astrocytes. Scale bars, 200 m.
cord sections contained 32% more iron than Cp ϩ/ϩ mice at day 14 after injury. Perl's histochemistry and fAAS detect both the ferrous and ferric forms of iron. To assess whether there was a selective increase in ferrous iron after SCI, we used a variation of the Turnbull's method that allows for the detection of ferrous iron in tissue (Meguro et al., 2003) . This analysis revealed that Cp Ϫ/Ϫ mice have more ferrous iron at the lesion site than Cp ϩ/ϩ mice (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Interestingly, by 42 d after injury, there is a noticeable reduction in the intensity of the Perl's staining of macrophages at the lesion epicenter in both Cp ϩ/ϩ and Cp Ϫ/Ϫ mice (Fig. 2j,k) , suggesting that iron is slowly released from these cells between 21 and 42 dpi. We show later that the viability of these macrophages may be compromised. Furthermore, because these macrophages express low levels of Cp (Fig. 1i-k) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), we speculate based on the literature on the ferroxidase functions of Cp (Bielli and Calabrese, 2002; Hellman and Gitlin, 2002 ) that the iron released from these macrophages may not be safely oxidized and may therefore remain in the toxic ferrous state.
Impaired functional recovery after SCI in Cp
Ϫ/Ϫ mice is mediated by iron As shown above (Fig. 2g) , there is no iron accumulation in the uninjured spinal cord of Cp Ϫ/Ϫ mice at the 2-4 months of age at which the mice were used for these experiments. We have reported previously that Cp null mice at 18 -24 months of age show impairment on the rotor rod test and loss of dopaminergic neurons in the substantia nigra. We therefore assessed whether such changes occur in 2-to 4-month-old mice used in the present study. Uninjured Cp null mice at this age did not show any deficits in the rotor rod tests (supplemental Fig. 4a ,b, available at Note that there is no difference in the amount of iron in the uninjured spinal cord of Cp ϩ/ϩ and Cp Ϫ/Ϫ mice. Note also that, after SCI, the amount of iron is significantly higher in Cp knock-out mice than in wild-type mice (n ϭ 6 per group; *p Ͻ 0.05, t test). h, Micrograph at higher magnification showing cells in the central core of the lesion at 14 dpi stained for iron with enhanced Perl's (dark brown/black). Note that some cells are labeled intensely for iron (arrows), whereas others do not contain iron staining (arrowheads) that have phagocytosed other debris. i, An adjacent section stained with the Mac-1 antibody shows that the cells in this central core are macrophages, some of which are indicated with arrows. j, At later time points at day 42 after SCI, the iron staining in cells in the central core of the lesion is markedly diminished (brown staining). k, Staining of an adjacent section with Mac-1 antibody shows that these cells are Mac-1 ϩ and macrophages, some of which are indicated with arrows. Scale bars: a-e, 500 m; f, 5 m; h-k, 50 m.
www.jneurosci.org as supplemental material) and no loss of dopaminergic neurons in the substantia nigra (supplemental Fig.  4c ,d, available at www.jneurosci.org as supplemental material).
To evaluate whether the greater iron accumulation in the injured spinal cord of Cp Ϫ/Ϫ mice has an impact on functional recovery, we assessed locomotor function using the nine-point BMS, which is widely used to evaluate hindlimb motor function in an open field (Basso et al., 2006) . Locomotor function was significantly impaired in Cp Ϫ/Ϫ mice compared with injured wild-type controls beginning at 5 dpi ( p Ͻ 0.05) (Fig. 3a) . The mean score for Cp Ϫ/Ϫ mice at 28 dpi was 2.2 Ϯ 0.32, whereas that for the Cp ϩ/ϩ mice was 4.0 Ϯ 0.36. A score of 2 indicates extensive ankle movements but no plantar placement of the paw. A score of 4 indicates consistent weight support and occasional plantar stepping. These data indicate that Cp plays a protective role after SCI, which could likely be via its effects on iron.
To assess whether the increased locomotor deficit observed after SCI in Cp Ϫ/Ϫ mice is caused by iron toxicity, Cp Ϫ/Ϫ mice were treated every other day starting 1 h after contusion injury with SIH, a lipophilic iron chelator that shows high affinity and selectivity for iron (Richardson and Ponka, 1998b; Klimtova et al., 2003) . Cp Ϫ/Ϫ mice treated with SIH showed significantly improved locomotor recovery compared with the vehicle-treated littermate Cp Ϫ/Ϫ controls (Fig. 3b) . The SIH-treated Cp Ϫ/Ϫ mice reach a score of 3.75 Ϯ 0.21 on day 28, whereas the vehicle-treated Cp Ϫ/Ϫ mice have a score 2.64 Ϯ 0.21. These results suggest that, after SCI, the lack of Cp causes an early increase in toxic ferrous iron that can be chelated.
Greater motor neuron loss and demyelination in Cp
Ϫ/Ϫ mice To determine the cellular basis of the functional deficits seen in Cp Ϫ/Ϫ mice after SCI, we quantified the number of motor neurons in cresyl-violet-stained cross sections of the injured spinal cord and assessed the extent of myelin sparing using Luxol fast blue staining at 14 dpi. Motor neuron loss in Cp Ϫ/Ϫ mice is almost twofold greater than in Cp ϩ/ϩ mice at 1 mm rostral and caudal to the lesion epicenter ( Fig. 3c-e) . There is also a 44% greater loss of myelin in the white matter of Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice ( Fig. 3f-h ). Double labeling of tissue sections to detect myelin and axons showed that axons are present in areas of myelin loss in the dorsal and lateral white matter, indicating greater demyelination in Cp Ϫ/Ϫ mice (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). These results suggest that the increased accumulation of iron in the absence of Cp may contribute to the neuronal loss and demyelination after SCI and that Cp may normally play a protective role in reducing such damage.
Lack of Cp increases free radical-mediated damage in the injured spinal cord
The protective effects of Cp after SCI are likely attributable to its ability to safely oxidize and thus detoxify ferrous iron. Ferrous iron can catalyze the production of reactive oxygen and nitrogen species, which then deleteriously modify lipids and proteins, leading to cell death and tissue damage. The modifications include the introduction of carbonyl groups into protein side chains. We found significantly greater protein carbonylation in contused spinal cord tissue in Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice at early time points after contusion injury (Fig. 4a) . Nitric oxide can react with superoxide radicals to produce peroxynitrite (ONOOO Ϫ ), a reactive oxidant that has been implicated for its cytotoxic role after SCI (Liu et al., 2000) . iNOS is upregulated acutely after SCI (Xu et al., 2001) . There is also evidence that systemic iron overload induces iNOS expression in the iron-loaded liver (Cornejo et al., 2005) . We therefore assessed the expression of iNOS in the injured spinal cord of Cp ϩ/ϩ and Cp Ϫ/Ϫ mice. At 14 dpi, iNOS immunoreactivity appears to be mainly localized outside the lesion core that contains macrophages (Fig. 4b,c) . The iNOS labeling may be in astrocytes, because the pattern of staining appears similar to that of GFAP (see Fig. 6p ). The labeling is more intense in injured tissue of Cp Ϫ/Ϫ than Cp ϩ/ϩ mice (Fig. 4b,c) . In addition, we also assessed 3-nitrotyrosine immunoreactivity as a measure of nitrosative damage of proteins. Greater 3-nitrotyrosine labeling was detected in Cp Ϫ/Ϫ mice in both the white and gray matter after SCI (Cp mice and also in some of the glial cells in the white matter (Fig. 4d,e) . Lipid peroxidation, another hallmark of oxidative damage (Braughler and Hall, 1992) , can be assessed by staining for 4-HNE, an end product known to promote cell death (Keller et al., 1999) . Greater 4-HNE staining is evident in the white matter adjacent to the lesion in Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice (Fig. 4f,g ) (optical density values: Cp
, 20.58 Ϯ 0.87; p Ͻ 0.05). 4-HNE labeling also localizes to the cell and nuclear membranes of the iron-loaded macrophages at the lesion epicenter (Fig. 4h) . 4-HNE has been shown to increase cell permeability (Usatyuk et al., 2006) and may therefore contribute to increased membrane permeability and decreased viability of these macrophages, which may account for the loss of iron from these cells at later time points as noted above (Fig. 2j,k) . In addition, RT-PCR analysis at 1 dpi after SCI indicates a marked increase in the mRNA expression of the proinflammatory cytokines interleukin-1␤ and tumor necrosis factor-␣ in spinal cord of Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice (Fig. 4i) , suggesting a greater inflammatory response in Cp Ϫ/Ϫ mice. iron levels in the CNS is a coordinated response involving several proteins that include influx and efflux transporters and binding proteins, we assessed the expression of these iron homeostasis proteins after SCI.
Expression of iron homeostasis proteins in the spinal cord after SCI in
Macrophages not astrocytes store iron after SCI
Ferritin is the major iron storage protein in cells. An increase in ferritin mRNA and protein are sensitive indicators of increased cellular iron content because ferritin mRNA contains iron response elements (IREs) in the 5Ј untranslated region. The IREs are hairpin loop structures that interact with iron regulatory proteins (IRP1 and IRP2) (Rouault, 2006) . In the presence of excess iron, IRPs do not bind IREs resulting in increased ferritin mRNA stability and translation. Iron has also been shown to regulate ferritin mRNA transcription (Hintze and Theil, 2006) . Our previous work on the aging brain showed that increases in ferritin mRNA and protein are more sensitive indicators of increased iron in the CNS than Perl's histochemistry (Jeong and David, 2006) . We therefore assessed ferritin mRNA expression by quantitative real-time RT-PCR. Ferritin-light chain (ferritin-L) (the major storage isoform) mRNA levels are increased ϳ10-fold as early as 3 dpi in both genotypes (Fig. 5a ). Marked differences in ferritin-L mRNA levels between Cp ϩ/ϩ
and Cp Ϫ/Ϫ mice are detected by 7 d, being ϳ15-fold and 28-fold higher, respectively (Fig. 5a ). Its expression remains elevated at ϳ10-fold in both genotypes at 21 dpi. Western blot analysis showed a marked increase in ferritin protein in Cp ϩ/ϩ and Cp Ϫ/Ϫ mice from 3 d onward. Densitometric measurements showed a 1.5-to 2-fold greater levels in Cp Ϫ/Ϫ mice compared with wild-type mice (Fig. 5b) . Ferritin-heavy chain mRNA levels were significantly higher at 1 dpi in Cp Ϫ/Ϫ mice compared with Cp ϩ/ϩ mice. At later time points, the levels in both groups are higher than uninjured controls, but there are no significant differences between the groups at day 21 (data not shown). Immunofluorescence analysis indicates that ferritin is expressed by macrophages within the core of the lesion (Fig. 5c-e) as well as by microglia located around the lesion epicenter and at distances away from the lesion (Fig. 5f-i) . Interestingly, increased ferritin immunoreactivity is not observed in reactive astrocytes surrounding the lesion epicenter, in either strain of mice (Fig. 5j-m) , indicating that, unlike the aging-related iron accumulation seen in astrocytes in 24-month-old Cp Ϫ/Ϫ mice, astrocytes are not involved in storing iron after SCI in young mice.
Astrocytes are critical for iron trafficking after SCI
We also assessed the expression of DMT1 and the iron exporter Fpn in the injured spinal cord. DMT1 is expressed on the astrocyte cell surface in which it plays a role in iron influx (Jeong and David, 2003) as has been shown for other cell types, including enterocytes (Picard et al., 2000) . DMT1 therefore contributes to cellular acquisition of divalent ferrous iron. Despite the early increase in DMT1 mRNA 1 d after SCI in Cp Ϫ/Ϫ mice and the later increase in wild-type and null mice at 7 and 21 d (Fig. 6a) , Western blot analysis showed a sharp reduction in DMT1 protein during the first week after SCI and increasing above normal uninjured levels at 21 d (Fig. 6b) . This reduction in DMT1 protein during the first week after injury was confirmed by immunofluorescence labeling of tissue sections (supplemental Fig. 6a-f , available at www.jneurosci.org as supplemental material). At 21 d after injury, the increased DMT1 expression is primarily confined to reactive astrocytes at the lesion site in both genotypes (Fig.  6c-h) . Because DMT1 specifically transports the ferrous form of iron, these results suggest that the ability of astrocytes to clear toxic ferrous iron from the injury site may be compromised during the first week after SCI.
Astrocytes also express the iron efflux transporter Fpn, the expression of which is regulated at the transcriptional level by iron (Zoller et al., 2002; and posttranscriptionally through the IREs in the 5Ј untranslated region (Lymboussaki et al., 2003) . As with DMT1, Western blot analysis showed that Fpn protein levels were markedly reduced in the first week after SCI (Fig. 6j) , despite the increases in mRNA levels in wild-type and Cp null mice (Fig. 6i) . The Western blot data were further supported by immunofluorescence labeling showing reduced Fpn immunoreactivity at 7 dpi followed by a gradual increase at 14 dpi (supplemental Fig.  6g -l, available at www.jneurosci.org as supplemental material). At 21 dpi, Western blot and immunofluorescence labeling show higher Fpn expression (Fig. 6j,l-q) , which appears to be localized mainly to reactive astrocytes at the lesion site (Fig.  6l,q) . Recent work has shown that hepcidin, a small peptide, binds to Fpn on the cell surface and causes its internalization and degradation, resulting in a reduction in iron export from cells (Nemeth et al., 2004; Knutson et al., 2005) . Interestingly, we found that hepcidin expression is increased in the spinal cord during the period when Fpn protein levels are low during the first week after SCI (Fig. 6k) . Therefore, hepcidin-mediated reduction in Fpn during the first week after SCI may compromise the ability of astrocytes to safely export iron out of the CNS.
Previous work has shown that Fpn partners with Cp and that it requires Cp to efflux iron (Jeong and David, 2003) Therefore, the increase in Fpn in astrocytes in the injured spinal cord of Cp null mice is intriguing. Because these astrocytes in the Cp null mice do not show increases in ferritin staining (Fig. 5j-m) , it is possible that Fpn is able to efflux iron from these cells in Figure 6 . Expression of iron transporters in astrocytes after SCI. a, QRT-PCR analysis of DMT1 mRNA at 1, 3, 7, and 21 dpi. The horizontal line represents expression in uninjured spinal cord. In Cp ϩ/ϩ mice, the DMT1 mRNA shows a gradual increase with time after injury to reach twofold at 21 dpi. In Cp Ϫ/Ϫ mice, there is an initial increase at 1 d, which returns to control levels at 3 d, followed by a gradual increase with time to reach approximately twofold at 21 dpi [*p Ͻ 0.05, significantly different from uninjured controls (horizontal line)]. b, Western blot showing changes in DMT1 protein at 1, 3, 7, and 21 dpi (65 kDa band labeled with anti-DMT1 antibody). Note the marked reduction in DMT1 protein in the first week after injury. At 21 dpi, the levels are increased approximately fourfold over uninjured spinal cord (UI). showing changes in the 65 kDa Fpn protein band at 1, 3, 7, and 21 dpi. As with DMT1, there is a marked reduction in Fpn protein in the first week after injury. At 21 dpi, the levels are increased ϳ2.5-fold over uninjured spinal cord. k, Changes in hepcidin mRNA after SCI detected by RT-PCR. Hepcidin mRNA is not detected in the uninjured spinal cord but is increased at 1, 3, and 7 dpi. l-q, Double-immunofluorescence labeling of Cp ϩ/ϩ (l-n) and Cp Ϫ/Ϫ (o-q) mice stained for Fpn (l, o), and GFAP (m, p). Fpn is also expressed mainly in reactive astrocytes in the area surrounding the central core of the lesion (L). n and q show merged images. Scale bars: h, q, 100 m.
the absence of Cp, possibly via some other extracellular oxidative source, as has been suggested (De Domenico et al., 2007) .
Macrophages have also been reported to possess iron efflux mechanisms, namely Fpn (Yang et al., 2002) and Cp (Yang et al., 1986; Mazumder et al., 1997) that underlie the ability of these cells to recycle iron in various tissues and organs such as the spleen. However, macrophages in the lesion epicenter that are heavily loaded with iron express very low levels of Fpn, which may explain their prolonged accumulation of iron. Because the amount of iron detected in these macrophages by Perl's histochemistry appears to be markedly reduced between 21 and 42 dpi (Fig. 2h,j) , it is possible that the iron released from these cells is likely to be independent of the Fpn/Cp efflux mechanism. We have described above that these macrophages show evidence of lipid peroxidation (Fig. 4h) , suggesting that their viability may be compromised. To assess the functional consequences of this delayed loss of iron from these macrophages, we examined the effects of iron chelator after spinal cord contusion injury in wild-type animals.
Systemic iron chelation promotes delayed functional recovery after SCI in wild-type mice
We assessed the effects of chelating iron in wild-type mice after SCI using SIH, a lipophilic iron chelator that shows high affinity and selectivity for iron (Klimtova et al., 2003) . SIH was administered twice a week starting 1 h after contusion injury until day 42 after injury. In the first 3 weeks, the chelator-treated mice showed the same degree of motor recovery as the vehicle-treated controls. However, after 21 dpi, the chelator-treated mice exhibited significantly improved locomotor recovery compared with the vehicletreated control group (Fig. 7a) . The vehicle-treated group had a score of 4.57 Ϯ 0.17 at 35 d, whereas the chelator-treated group improved to a score of 5.43 Ϯ 0.20. Animals that show consistent weight support and occasionally plantar step are awarded a score of 4, whereas those with a score of 5 or 6 are able to step frequently or consistently and show some coordination. The differences are even more apparent in the BMS subscores, which rate finer aspects of locomotor control (SIH-treated group, 2.42 Ϯ 0.57; vehicle-treated controls, 0.75 Ϯ 0.49; t test, *p Ͻ 0.05). The chelator-treated group was consistently more coordinated and showed more normal paw placement than the vehicle-treated group at 35 dpi. The fact that the locomotor functional improvement is seen after a delay of 21 d suggests that the beneficial effects of SIH may be attributable to chelation of toxic ferrous iron possibly released from macrophages in the core of the lesion between 21 and 42 d after injury. This is further supported by the finding that there is a significant reduction in iron in the injured spinal cord of SIH-treated animals compared with vehicletreated controls (Fig. 7b,c) 
Discussion
Trauma to the CNS is generally associated with hemorrhage at the site of injury. We now present data on the iron homeostatic response to spinal cord contusion injury and the role of iron mediated oxidative damage in the pathology that evolves after SCI. The data we present here indicates that expression of Cp is induced after SCI and plays a crucial role in the detoxification and clearance of iron. Mice deficient in Cp exhibit increased iron accumulation, greater secondary damage, and significantly impaired locomotor recovery. This work provides new insights into how astrocytes and macrophages handle iron differently after SCI in wild-type mice. It also highlights the importance of ironmediated secondary damage several weeks after SCI and demonstrates that treatment with an iron chelator is effective in promoting functional recovery after the acute period.
Ceruloplasmin is a six domain multi-copper oxidase that catalyzes the safe conversion of Fe 2ϩ to Fe 3ϩ with the subsequent reduction of two molecules of oxygen to water (Zaitsev et al., 1999; Bento et al., 2007) . The resulting Fe 3ϩ is thought to move to a holding site in ceruloplasmin from where it can be loaded onto iron binding proteins for transport (Zaitsev et al., 1999; Bento et al., 2007) . Cp is an acute phase reactant, whose concentration in serum increases with systemic inflammation (Vassiliev et al., 2005) . Its properties as an antioxidant are well established, and it is thought to account for most of the antioxidant properties of serum (Gutteridge, 1978; Vassiliev et al., 2005) . In the CNS, however, a GPI-anchored variant is the major form of the protein and is expressed by astrocytes (Patel et al., 2000) . GPI-Cp on astrocytes partners with Fpn to efflux iron from these cells (Jeong and David, 2003) . Soluble serum Cp, which is not normally available to cells in the CNS, can substitute in vitro for the lack of GPI-Cp to efflux iron from astrocytes (Jeong and David, 2003) . The results presented here indicate that the expression of ceruloplasmin is substantially increased over several weeks in reactive astrocytes at the injury site. In addition to Cp produced by cells within the injured spinal cord, the extravasation of serum Cp from damaged blood vessels is also likely to play an antioxidant role in the first few days after trauma, detoxifying iron that is released from damaged cells. The absence of this antioxidant activity in Cp Ϫ/Ϫ mice is likely to contribute to the greater oxidative damage and impaired functional recovery in these mice, which is evident as early as 5 d after injury. Furthermore, the protective effects of the chelator treatment seen as early as 5 d after SCI in Cp Ϫ/Ϫ mice suggests that Cp plays an early and continuing role in detoxifying iron after SCI. Our data suggest that astrocytes and macrophages play important but distinct roles in the iron homeostatic response after SCI. Astrocytes are thought to play a central role in the efflux and clearance of iron from the normal uninjured CNS (Jeong and David, 2006) , likely via the astrocytic end feet that surround 95% of the capillary surface (Nedergaard et al., 2003) . They possess the transport mechanisms required for iron import (DMT1) and efflux (Fpn/Cp) (Jeong and David, 2003) . Our present data show that, during the first week after SCI, DMT1 and Fpn expression is markedly reduced, suggesting an impaired ability of CNS cells, in particular astrocytes, in clearing potentially toxic divalent ferrous iron from the injured tissue. During this period, macrophages phagocytose RBCs and tissue debris including iron-rich myelin. This is accompanied by an increase in ferritin synthesis in macrophages, suggesting iron storage by these cells. After the first week, there is a gradual increase in the expression of DMT1 and Fpn in reactive astrocytes, suggesting that, in Cp ϩ/ϩ mice, they are now able to uptake and mobilize iron out of the injured CNS, likely into the circulation via astrocytic end feet. Interestingly, a similar increase in turnover of iron has been proposed recently in studies of lymphocytes from patients with restless legs syndrome (Earley et al., 2008) . These studies have shown increased DMT1 and Fpn expression but unchanged levels of ferritin, analogous to the astrocytes around the lesion site that we describe. The initial loss of Fpn protein after SCI may be via hepcidin-mediated internalization and degradation (Nemeth et al., 2004; Knutson et al., 2005) , because the timing of hepcidin expression coincides with the period when Fpn protein is reduced. The mechanism mediating the early reduction in DMT1 protein after SCI is currently unknown. We did not detect increased ferritin in astrocytes of Cp Ϫ/Ϫ mice. Because they express Fpn after the first week after SCI, it suggests that astrocytes in Cp Ϫ/Ϫ mice are able to efflux iron in the absence of Cp under these conditions, the reasons for which are currently not known. This is in contrast to the accumulation of iron in astrocytes in Cp Ϫ/Ϫ mice with aging (Jeong and David, 2006) . However, in the absence of Cp, ferrous iron that effluxes via Fpn in Cp Ϫ/Ϫ mice after SCI could react with hydrogen peroxide, found at high levels in injured spinal cord tissue (Liu et al., 1999; Bao and Liu, 2004) , and give rise to toxic hydroxyl radicals and superoxides via the Fenton and HaberWeiss reactions (Eaton and Qian, 2002) . Given the reactive nature of ferrous iron, a number of extracellular proteins and lipids could also catalyze this oxidation, albeit in an unsafe and inefficient manner. Therefore, although iron is exported from astrocytes in the injured spinal cord of Cp Ϫ/Ϫ mice, it may not be mobilized out of the CNS as it would normally and could result in repeated cycles of oxidation and reduction, leading to the high levels of oxidative damage and functional impairment. The altered iron homeostasis that we describe after SCI is likely regulated by iron responsive mechanisms as well as iron-independent mechanisms, particularly inflammation, a known modifier of iron homeostasis (Yang et al., 2002; MacKenzie et al., 2008) .
In contrast to astrocytes, macrophages at the lesion site accumulate large quantities of iron derived from the breakdown of hemoglobin in phagocytosed RBCs, as well as tissue debris rich in iron such as myelin. These macrophages store iron in ferritin for a prolonged period of time, because they can be found in the spinal cord for 6 weeks, the longest time point examined. This is in sharp contrast to macrophages in the spleen that phagocytose senescent RBCs but are able to rapidly recycle the iron by exporting it into the circulation . Macrophages that effectively recycle iron in the spleen (Yang et al., 2002) and in vitro express high levels of Fpn, which in non-CNS tissue can partner with serum Cp to safely efflux iron. In contrast, the iron-laden macrophages in the lesioned spinal cord express low levels of Fpn and cell surface Cp, which may account for their inability to efflux iron efficiently. The impaired cycling of iron from macrophages seen here is reminiscent of the sequestration of iron in peripheral macrophages during systemic inflammatory states Ganz, 2006) and observed in cells treated in vitro with hepcidin (Nemeth et al., 2004) . The increased expression of hepcidin in the injured spinal cord may thus underlie the sustained accumulation of iron by macrophages. However, iron is released from these cells between 3 and 6 weeks after injury, as detected by Perl's histochemistry. This release is not likely to be transporter mediated because Fpn is poorly expressed and may thus result from the diffusion of iron across the damaged cell membranes, which show evidence of lipid peroxidation. The very low levels of Cp expressed by these macrophages in wild-type mice suggests that the iron released is likely to remain longer in the toxic, redoxactive state and thus capable of generating free radicals and causing secondary tissue damage. This is supported by the evidence that wild-type mice treated with the iron chelator, starting the day after contusion injury, exhibit improvement in locomotor recovery between 3 and 6 weeks after injury that coincides with the period when iron staining is reduced in these macrophages. We cannot rule out the possibility that some of the iron that comes out of these macrophages is safely bound to secreted ferritin (Zhang et al., 2006) . Our results with the chelator suggest that at least some of the released iron is redox active and chelatable, which is consistent with reports studying iron release from macrophages after erythrophagocytosis (Moura et al., 1998; Knutson et al., 2005) . These effects of the chelator in wild-type mice are likely independent of Cp. Previous work using iron chelators in spinal cord injury include studies on the polyphenolic compound quercetin, which also has antioxidant and other antiinflammatory effects (Schültke et al., 2003) , and studies using a combination of an iron chelator and a mitotic inhibitor for fibroblast proliferation in a model of spinal cord hemisection to reduce the collagen scar induced by meningeal cells (Hermanns et al., 2001; Klapka et al., 2005) . In contrast to these studies, our work addresses the issue of iron homeostasis and detoxification, which has not been addressed previously.
Together, these results establish the importance of the ironhomeostatic response in limiting secondary damage after SCI. They provide new insights into the marked differences in the way astrocytes and macrophages handle iron in the injured spinal cord. In wild-type mice, astrocytes may play a protective role in safely cycling iron out of the injured spinal cord. In contrast, macrophages that sequester mainly hemoglobin-derived iron from phagocytosed RBCs appear to contribute to a delayed phase of secondary damage that can be ameliorated by iron chelator therapy. The results presented here also have implications for the treatment of other forms of CNS trauma and hemorrhagic stroke in which iron accumulation occurs.
